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Abstract 
The research on adsorption isotherms on coal aims on the one hand at providing data to analyze and to predict the behavior of 
ECBM operations, and on the other hand to develop understanding and to establish correlations that guide in choosing suitable 
coal seams for ECBM. In this work pure and competitive high pressure adsorption data on coal are presented. For a coal sample 
from Australia, CO2, CH4 and N2 adsorption isotherms have been measured at 55°C by two different laboratories using two 
different measurements methods based on a gravimetric approach. The very good reproducibility of the obtained results 
confirmed the accuracy of the technique used to obtain high pressure adsorption isotherms. High pressure pure adsorption 
isotherms have been obtained at 45°C and 60°C an up to 200 bar for two coal samples from Italy and Japan, respectively and 
show the expected behavior of an excess adsorption isotherm. Moreover, for the coal sample from Italy competitive adsorption of 
CO2, CH4 and N2 was measured using a gravimetric-chromatographic technique. The measurements were performed at 
conditions representative for the coal seam, namely at a temperature of 45°C and pressures up to 190 bar. As expected from the 
pure adsorption data, the mixture isotherms clearly confirm that CO2 is preferentially adsorbed on coal over CH4 and even more 
over N2. These results are the firm basis for an effective design of injection strategies for an ECBM operation. 
Keywords: supercritical adsorption; competitive; coal; ECBM; CO2 storage; 
1. Introduction 
Gas storage in coal seams is mainly given by adsorption, because the coal porosity, and therefore the volume 
which can be stored as a compressed gas, are relatively small compared to other reservoirs, i.e. saline aquifers. Pure 
CO2 and pure CH4 adsorption isotherms provide an estimate of the coal bed capacity for CO2 storage and of the 
maximum theoretical amount of coal bed methane, i.e. the so-called maximum Gas In Place, GIP, respectively. 
Moreover, being ECBM controlled by adsorption of CO2 and by desorption of CH4, competitive adsorption 
equilibria involving these two gases and nitrogen are of key importance. Nitrogen is of interest as it has been used 
for ECBM already and might be considered for co-injection with CO2 in the future. These measurements have to 
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cover a broad range of pressure and temperature conditions, i.e. from subcritical to supercritical, since the range of 
depth attractive for CO2 storage is relatively large.  
Studies have been conducted to address experimental problems associated with the measurement of high-pressure 
adsorption isotherms on coal and to determine their accuracy [1]. Recently it was reported that CO2 adsorption data 
on the same coal samples diverged significantly among laboratories using different measuring techniques both for 
dried and moisture-equilibrated coals samples [2]. Comparative studies among laboratories are very important since 
they may help defining a standard procedure for measuring adsorption isotherm accurately. Moreover, the research 
on adsorption isotherms aims to develop understanding and to establish correlations that guide in choosing coal 
seams for ECBM based on coal properties only, before carrying out lengthy adsorption studies. In this context, there 
have been useful coal characterisation studies that show important trends, e.g. that CO2 maximum adsorption 
capacity is always between 4 and 10 % wt. and depends on coal rank in a non-monotonic way [3].  
In this work, single component adsorption isotherms of CO2, CH4 and N2 at 55°C on the same Australian coal 
sample measured by two different laboratories using different techniques based on a gravimetric are presented.  This 
allows assessing the accuracy of the technique used to obtain high pressure adsorption data on coal. The same 
technique was then employed to obtain adsorption isotherms of pure CO2 on two different coal samples. 
Experiments have been performed at a temperature of 45°C and 60°C and at pressures up to 190 bar. Moreover, high 
pressure multicomponent adsorption isotherms were obtained by coupling the gravimetric technique with gas 
chromatography in order to measure the exact gas phase composition at equilibrium: for one coal sample, data of 
binary and ternary competitive adsorption of CO2, CH4 and N2 at 45°C and up to 180 bar are presented. 
2. Experimental Section 
2.1. Coal characterization 
Three different coal samples obtained from different locations around the world were investigated; their 
proximate composition obtained from thermogravimetric analysis (TGA) is shown in Table 1. Prior to the 
adsorption measurements the coal samples were crushed and sieved to obtain the desired particle size. Subsequently, 
they were all dried in an oven at 105°C under vacuum for 1 day, with the exception of sample A1 for which the 
drying procedure was carried out at 60°C. The sample true densities, as measured by Helium pycnometry (AccuPyc 
1330, Micromeritics, Brussels, Belgium) are also reported in Table 1. The following pure gases obtained from 
PanGas (Dagmersellen, Switzerland) were used in this study, namely, CO2 and CH4 at purities of 99.995% and N2 
and He at purities of 99.999%. 
Table 1 – Properties of the coal samples investigated in this study.
 
 
 
 
 
 
 
 
 
Coal origin Japan Italy Australia
Sample J1 I1 A1a
Moisture (%) 1.90 5.32 -
Volatile Matter (%) 36.37 40.25 24.20
Fixed Carbon (%) 58.85 45.72 54.20
Ash (%) 2.88 8.71 21.60
Density (g/cm3) 1.339 1.370 1.467
Particle Size (Pm) 90-180 250-355 500-1000
 Ref. [4].  a
 
2.2. Experimental technique 
High pressure adsorption isotherms were obtained using a Magnetic Suspension Balance (Rubotherm, Germany) 
and the details of the adopted measurement procedure are described elsewhere [5]. For a typical non-swelling 
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commercial adsorbent, e.g. zeolites, this technique allows measurement of the excess mass adsorbed. In the case of 
coal, the uptake of CO2, CH4 and N2 is a combination of adsorption on its surface and penetration (absorption) into 
its solid matrix, the latter resulting in coal swelling. The only truly measurable quantity accounts therefore for the 
effect of both adsorption and sorption, whose contributions cannot be separated [6]:  
 
                     (1) eas b ex s b s b 0 b 01 1( , ) ( , )m T m m V M T M VU U U U     
 
where mex is the excess adsorption and ms –UbVs is the sorption term corrected for the buoyancy, with Vs defined as 
the volume increase of the sample due to sorption. The right-hand side of Eq. (1) contains only measurable 
quantities, that is, the balance signals M1 and M10 measured at the desired conditions and under vacuum, the mass 
density of the bulk phase Ub (measured in-situ with a calibrated titanium sinker) and V0, the sum of the volumes of 
the metal parts and the initial unswollen coal sample.  
High pressure multicomponent adsorption isotherms are obtained by coupling the gravimetric technique 
described above with gas chromatography in order to measure the exact gas phase composition at equilibrium [6,7]. 
Writing a mass balance over the whole system, the total amount of gas fed mfeed to the system is given as: 
 
                     (2) 
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where meas is obtained by Eq. 1 and V0void is the void volume of the system, known form a calibration prior to the 
adsorption measurement. The individual excess mass adsorbed and sorbed mieas(Ub,T) is then obtained as: 
 
                     (3) 
 
where the mass fractions of the gas mixture fed to the system wifeed and the bulk equilibrium composition wib are 
determined through gas chromatography. The experimental results reported in the next section are given in terms of 
the molar excess adsorption and sorption neas per unit mass of coal: 
 
 
                     (4) 
 
where Mm,i is the molar mass of component i and m0coal the coal sample mass. 
 
3. Results and Discussion 
3.1. Comparison among different laboratories 
Single component adsorption isotherms of CO2, CH4 and N2 at 55°C on the same Australian coal sample A1 are 
shown in Figure 1, as measured by two different laboratories, namely at CSIRO (Newcastle, Australia) as reported 
earlier [4] and in our lab at ETH (Zurich, Switzerland) using the equipment and procedure described above. It worth 
pointing out that both experimental techniques are based on a gravimetric approach, but that different amounts of 
sample have been used, namely 200 g at CSIRO and 3 g at ETH. In both cases the sample was vacuum dried 
overnight at 60°C prior to the adsorption measurements. It can be seen that for both samples the experimental data 
are in good agreement over the whole range of density (which for all gases corresponds to pressures up to 200 bar) 
and show the usual behavior of excess adsorption isotherms. In the case of CO2, the excess adsorption and sorption 
increases with the bulk density to reach a maximum and decreases linearly by further increasing the density. In the 
case of CH4 the isotherms show only a slight maximum, whereas for N2 it is not visible, being the measuring 
conditions far above the critical temperature.  
It is well known that CO2 adsorbs more than CH4, and CH4 more than N2. This behavior, which has also been 
observed for the coal tested here, is a prerequisite for an effective displacement of the CH4 by CO2 injection during 
the ECBM operation. Moreover, the low adsorption capacity of N2 make it suitable for coinjection with CO2 
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allowing for a faster recovery of CH4. However, this observations need to be confirmed by competitive adsorption 
measurements of these fluids on coal, as shown in section 3.3. 
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 molar excess adsorption and sorption neasFigure 1 - Comparison among different laboratories. CO , CH  and N2 4 2  on  coal sample A1 at 55°C as a 
function of the bulk density measured at CSIRO (Newcastle, Australia) (open symbols) [4] and in our lab (closed symbols). 
The very high reproducibility shown in the present work for dried coal samples, suggest that when both sample 
preparation and gas adsorption experiment are carried out by carefully following the same procedure, accurate 
measurements are obtained allowing for reliable gas storage estimates in coal seams. 
3.2. CO2 storage: comparison between different coals 
The adsorption of CO2 on samples I1 and J1 was measured at 45°C and 60°C and up to 190 bar. The 
experimental results are shown in Figure 2, where the molar excess adsorption and sorption neas is plotted against the 
bulk density Ub. Two observations can be made: firstly, the experimental results show again the typical behavior of 
excess adsorption isotherms and secondly, as expected, the isotherms measured at 60°C lie below those measured at 
45°C. Moreover, there is significant difference in terms of adsorption capacity among the two coal samples, which 
affect their suitability for ECBM purposes. The observed adsorption capacity per unit mass dry coal, as obtained 
from the maximum of the excess adsorption and sorption isotherms at 45°C ranges between 6% and 10%. In view of 
an ECBM operation, samples showing high CO2 adsorption capacity are promising, since adsorption is the most 
important mechanism for gas storage in coal seams, because their porosity, and therefore the volume which can be 
stored as a compressed gas, are relatively small compared to other reservoirs, i.e. saline aquifers.  
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Figure 2 - High pressure pure adsorption isotherm on coal. CO2 molar excess adsorption and sorption neas as a function of the bulk density Ub on 
coal sample I1 [8] (squares) and coal sample J1 [9] (circles) measured at  45°C (filled symbols) and 60°C (empty symbols). 
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3.3. Competitive adsorption measurements 
The theoretical effectiveness of the CH4 displacement by the injected CO2 during the ECBM operation predicted by 
the pure adsorption isotherms need to be confirmed by multicomponent adsorption measurements, where the 
different gases compete simultaneously for adsorption on coal. Binary mixture adsorption measurements on sample 
I1 have been performed at a temperature of 45°C and up to 180 bar for 11 different gas mixtures of certified 
composition using the gravimetric-chromatographic technique described above [6,7]. A selection of the obtained 
results is shown in Figure 3, where for 3 mixtures of different feed composition, the molar excess adsorption and 
sorption nieas of each component i in the mixture is plotted against the pressure P. It can be seen that CO2 is indeed 
preferentially adsorbed in the case of CO2/CH4 and CO /N2 2, whereas CH4 is adsorbed more than N2. Moreover, 
comparison of the two cases with equimolar feed composition (Figure 3 b and c) indicates that the effect of 
preferential adsorption of CO2 over N2 is stronger than that of CH4 over N2: in the range of the experimental data, 
the excess adsorption and sorption of N2 represent at least 30% of the total excess adsorption and sorption isotherm, 
whereas in the case of CO2/N2 it is always less than 20%.  
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Figure 3 - Competitive adsorption of binary mixtures on coal. Molar excess adsorption and sorption nieas of component i on coal sample I1 at a 
temperature of 45°C as a function of the system pressure P. Feed composition: (a) 40% CO /60% CH2 4; (b) 50% CO /50% N2 2; (c) 50% CH4/50% 
N . Symbols: (Ɣ) Total, (Ƒ) CO , (U) CH  and () N . 2 2 4 2
 
Ternary adsorption measurements have been performed at a temperature of 45°C and pressures up to 180 bar for 
a gas mixture of certified feed composition of 33.3% CO2, 33.3% CH4 and 33.4% N2. Figure 4 shows the molar 
excess adsorption and sorption nieas of each component i per unit mass of coal as a function of the pressure P. Again, 
it can be observed that CO2 shows the highest adsorption and, among the other two components, that CH4 adsorbs 
slightly more than N2.  
 
4.  Conclusions 
In this paper a comprehensive set of high pressure adsorption data has been presented, including both pure and 
competitive adsorption measurements on different coals. The pure gas experiments were carried out using a 
Magnetic Suspension Balance (Rubotherm, Germany), whereas in the multicomponent experiments this technique 
was coupled to gas-chromatography to obtain the exact fluid phase composition. Single component adsorption 
isotherms of CO2, CH4 and N2 at 55°C on the same Australian coal sample have been measured by two different 
laboratories using two gravimetric techniques. The very high reproducibility shown in the results suggest that when 
both sample preparation and gas adsorption experiment are carried out by carefully following the same procedure, 
accurate measurements are obtained allowing for reliable gas storage estimates in coal seams. 
High pressure pure adsorption isotherms have been obtained at 45°C and 60°C and up to 200 bar for two coal 
samples from Italy and Japan, respectively. Results show the usual behavior of excess adsorption isotherms and the 
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two samples show different affinities to CO2, with the maximum of the excess adsorption and sorption isotherms per 
unit mass dry coal ranging between 6% and 10%.  
Moreover, for the coal sample from Italy competitive adsorption of CO2, CH4 and N2 was measured using a 
gravimetric-chromatographic technique. Binary and ternary adsorption data were obtained: as expected from the 
pure adsorption data, the mixture isotherms clearly confirm that CO2 is preferentially adsorbed on coal over CH4 and 
even more over N2. 
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Figure 4 - Competitive adsorption of ternary mixtures on coal. Molar excess adsorption and sorption nieas of component i on coal sample I1 at a 
temperature of 45°C as a function of the system pressure P. Feed composition: 33.3% CO . Symbols: (Ɣ) Total, (Ƒ) CO2/33.3% CH /33.4% N4 2 2, 
(U) CH  and () N . 4 2
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